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The Wulanhada pluton is among the rare suite of Devonian alkaline plutons occurring along the northern
margin of the North China Craton (NCC). The intrusion is mainly composed of quartz-monzonite. Here we
report zircon SHRIMP U-Pb data from this intrusion which shows emplacement age of ca. 381.5 Ma. The
rock is metaluminous with high (Na2O þ K2O) values ranging from 8.46 to 9.66 wt.%. The REE patterns of
the rocks do not show any Eu anomaly whereas the primitive-mantle-normalized spider diagram shows
strong positive Sr and Ba anomalies. The Wulanhada rocks exhibit high initial values of
(87Sr/86Sr)t ¼ 0.70762e0.70809, low 3Nd(t) ¼ 12.76 to 12.15 values and negative values of 3Hf(t) ¼
23.49 to 17.02 with small variations in (176Hf/177Hf)t (0.281873e0.282049). These geochemical fea-
tures and quantitative isotopic modeling results suggest that the rocks might have been formed through
the partial melting of Neoarchean basic rocks in the lower crust of the NCC. The Wulanhada rocks,
together with the Devonian alkaline rocks and maﬁc-ultramaﬁc complex from neighboring regions,
constitute a post-collisional magmatic belt along the northern NCC.
 2016, China University of Geosciences (Beijing) and Peking University. Production and hosting by
Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/4.0/).1. Introduction
The North China Craton (NCC) is among the oldest cratons of the
world that preserves evidence for multiple history of magmatism,
metamorphism and metallogeny during the early Precambrian
(e.g., Deng et al., 2000; Zhai and Peng, 2007; Zhai, 2010; Zhai and
Santosh, 2011; Yang et al., 2016). After its ﬁnal cratonization dur-
ing late Paleoproterozoic, the interior domains of the craton
remained mostly in a dormant stage until Paleozoic and Mesozoic
when the margins of the NCC witnessed active tectonics and also
extensive magmatism, decratonization and related metallogeny
(Tang and Zhang, 1991; Xu et al., 2001, 2003; Zhang, 2007; Li et al.,
2009; Zhang et al., 2010a; Li and Santosh, 2014). Alkaline plutonic
rocks, although relatively rare (<1% of all igneous rocks), are
generally important components in most orogenic belts of the
globe. In the northern margin of the NCC, minor volumes of
Devonian alkaline plutonic rocks are exposed (Luo et al., 2001;nces, No. 29, Xueyuan Road,
10 82321817.
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eijing) and Peking University. Produ
c-nd/4.0/).Jiang, 2005; Zhang et al., 2007, 2009, 2010b; Shi et al., 2010; Zeng
et al., 2012). The Devonian marks a key period in global tectonics
with the transition from Caledonian to Hercynian movement, and
therefore the magmatic and tectonic processes during this time in
the NCC are important in understanding the evolution of the re-
gion. In this study, we investigate the late Devonian Wulanhada
quartz-monzonite in the Shangdu area along the northern margin
of the NCC. We report petrological, geochemical, and zircon U-Pb
age data as well as Sr-Nd-Pb-Hf isotopic results. We also attempt to
compare our data with those from adjacent plutons and discuss the
petrogenesis and tectonic signiﬁcance of the Devonian magmatism
along the northern margin of the NCC.
2. Geological setting and sample descriptions
The Wulanhada quartz-monzonite is located approximately
30 kmwest of the city of Shangdu (co-ordinates: 113.15e113.18E,
41.60N) in the central part of the northern margin of the NCC. The
location is to the south of the Proterozoic Gaojiayao-Ulad Houqi-
Huade-Chifeng Fault which separates the Central Asian Orogenic
Belt (CAOB) in the north and the NCC to the south (Fig. 1a,b)
(BGMRIM, 1991).ction and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-
Figure 1. (a) Major tectonic framework of central and southern Inner Mongolia (compiled with Xiao et al., 2003). The rectangle marks the area of (b). (b) Sketch geological map of
the northern margin of the North China Craton (compiled with Zhang and Zhai, 2010). The rectangle marks the area of (c). (c) Sketch geological map of the Wulanhada quartz-
monzonite in Shangdu (compiled with BGMRIM, 1991).
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northern margin of the NCC. All plutons that intruded from the
early to middle Devonian are distributed along the margin from
west to east (Fig. 1b). These rocks are mainly composed of alkaline
complexes together with alkali granite, and scarce monzodiorite
and ultramaﬁc-maﬁc complexes (Zhang et al., 2010a; Zhang and
Zhai, 2010). The Shuiquangou syenitic complex that is located
near the Wulanhada quartz-monzonite has been extensively
studied (Luo et al., 2001; Bao et al., 2003; Jiang, 2005).
The Wulanhada quartz-monzonite forms an irregular intrusive
body that trends roughly EeW with an exposed area of approxi-
mately 20 km2 (Fig. 1c). The intrusive body is distinctly discordant
with respect to the surrounding Wutai Group and Bayan Obo
Group. The Wutai Group consists of marble and quartzite, and the
Bayan Obo Group consists of phyllitic slate, phyllite and quartzite
(BGMRIM, 1991). The Wulanhada quartz-monzonite is light gray
and has a monzonitic texture andmassive structure (Fig. 2a,b). The
rock is dominantly composed of alkali feldspar, plagioclase and
quartz, and the major maﬁc mineral is hornblende (Fig. 2c,d). The
plagioclase (w50%) displays sericitization and forms euhedral
grains better than alkali feldspar. The plagioclase also shows pol-
ysynthetic twinning and zonal structures. The alkali feldspar
(w25e30%) is fresh and is mainly composed of orthoclase,
microcline and perthite. The crystals are tabular and
hypidiomorphic-euhedral, with Carlsbad twins and gridiron twins
under crossed Nicols. The quartz (w5e8%) is xenotopic. The
hornblende (w10%) is tawny and partly altered through chloriti-
zation, with two sets of cleavage that are clearly visible under a
microscope.Figure 2. Field photos and photomicrographs of the Wulanhada quartz-monzonite. (a)
plagioclase and hornblende. (c) and (d) Photomicrographs showing hornblende (Hbl), quar3. Analytical methods
Based on detailed ﬁeld work, we selected fresh samples without
veins or alteration for geochemical analysis. The samples were
processed at the Hebei Institute of Regional Geology and Mineral
Resources Survey. The major and trace elements were analyzed at
the Henan Rock and Mineral Testing Centre. The major element
compositions were measured by X-ray ﬂuorescence spectrometry.
FeO was measured by the potassium dichromate volumetric
method. The test methods were followed by GB/T 14506-1993 and
had a precision that was better than 3%. The trace element com-
positions were determined with an ICP-MS (XSERIESII). The
analytical procedures follow GSR21 and GSR22. The results of the
analyses indicate that the precision and accuracy are typically
better than 10%.
The Sr-Nd-Pb isotopic compositions weremeasured with a TIMS
with the isotope dilutionmethod at the Beijing Research Institute of
Uranium Geology. The SmeNd isotopes use 146Nd/144Nd ¼ 0.7219
and the RbeSr isotopes use 88Sr/86Sr ¼ 8.37521 to correct for
fractionation. During the analyses, JMC was used as a reference
standard, which has a weighted mean 143Nd/144Nd ratio of
0.512109  3(2s); NBS987(SrCO3), which has 87Sr/86Sr ¼
0.710250  7(2s); and NBS981, which has 206Pb/204Pb ¼
16.917  2(2s), 207Pb/204Pb ¼ 15.468  7(2s), 208Pb/204Pb ¼
36.625  15(2s).
Zircons were separated at the Hebei Institute of Regional
Geology and Mineral Resources Survey. Samples were crushed by
conventional methods. The crushed samples were panned, fol-
lowed by electromagnetic isodynamic heavy mineral separation.Field photo. (b) Sample photo that showing quartz-monzonite mainly composed of
tz (Qtz), plagioclase (Plag), microcline (Mc), and orthoclase (Or).
Table 1
SHRIMP zircon U-Pb analyses for sample NM96 from the Wulanhada quartz-monzonite.
Spot Pb U Th Th/U Isotopic ratios Age (Ma)
(ppm) (ppm) (ppm) 207Pb/206Pb % err 207Pb/235U % err 206Pb/238U % err 206Pb/238U 207Pb/206Pb 208Pb/232Th
NM96-1.1 1.68 118.6 100.5 0.85 0.047 12.4 0.403 12.6 0.062 2.3 390  9 46  300 369  26
NM96-2.1 1.83 120.5 86.6 0.72 0.048 11.5 0.400 11.8 0.060 2.3 375  9 123  270 353  27
NM96-3.1 0.98 209.3 293.9 1.40 0.045 6.3 0.371 6.8 0.060 2.6 375  10 54  150 365  13
NM96-4.1 1.37 172.2 143.9 0.84 0.048 9.3 0.401 9.6 0.060 2.3 378  9 108  220 359  19
NM96-4.2 1.19 201.8 171.6 0.85 0.047 6.3 0.432 6.6 0.066 2.1 415  8 58  150 389  15
NM96-5.1 0.74 184.5 165.6 0.90 0.053 5.5 0.437 5.9 0.060 2.3 377  8 311  120 371  13
NM96-6.1 0.60 170.5 150.7 0.88 0.051 4.8 0.440 5.3 0.062 2.2 388  8 260  110 376  14
NM96-7.1 2.42 134.6 107.5 0.80 0.048 13.6 0.406 13.8 0.061 2.3 381  8 116  320 353  27
NM96-8.1 1.71 154.6 118.0 0.76 0.047 10.0 0.387 10.2 0.059 2.2 371  8 64  240 330  20
NM96-9.1 1.31 113.0 112.8 1.00 0.052 7.4 0.440 7.8 0.061 2.4 381  9 300  170 373  19
NM96-10.1 1.65 164.6 143.2 0.87 0.045 11.6 0.383 11.8 0.061 2.2 382  8 30  280 349  20
NM96-11.1 0.48 236.3 346.8 1.47 0.053 3.3 0.458 3.9 0.062 2.0 389  8 348  75 372  9
NM96-12.1 0.57 159.1 108.2 0.68 0.055 4.3 0.470 5.1 0.062 2.7 389  10 405  97 376  13
NM96-13.1 0.68 253.7 329.5 1.30 0.052 4.7 0.444 5.2 0.062 2.2 386  8 293  110 377  10
NM96-14.1 0.34 511.6 925.1 1.81 0.052 3.4 0.430 3.9 0.060 2.0 375  7 286  78 364  9
NM96-15.1 0.69 343.4 419.1 1.22 0.050 3.7 0.428 4.2 0.062 2.0 390  8 183  87 383  10
NM96-16.1 0.64 171.3 69.0 0.40 0.055 3.3 0.488 3.9 0.064 2.1 401  8 416  75 385  16
NM96-17.1 0.97 149.3 233.6 1.56 0.051 7.7 0.428 8.0 0.060 2.2 378  8 261  180 366  11
D. Huang, Q. Hou / Geoscience Frontiers 8 (2017) 171e181174Approximately 100 grains of the sample were then handpicked by
using a binocular microscope. Together with several grains of the
standard zircon TEM, these grains were mounted onto an epoxy
resin disc, ground down so that their interiors were exposed, and
polished. After the mount was prepared, the zircons were photo-
graphed by cathodoluminescence (CL), and U-Th-Pb analyses were
performed by using SHRIMP with an accelerating voltage of
w10 kV, an ion beam current of w7.5 nA, and a beam diameter of
25e30 mm at the Beijing SHRIMP Center, Institute of Geology,
Chinese Academy of Geological Sciences. The analytical procedures
followed those of W. Compston and I. S. Williams (Williams and
Claesson, 1987; Compston et al., 1992). The data were processed
and assessed by using the PRAWN software program from the
Australian National University (Williams et al., 1996). A common Pb
correction was made by using the measured 204Pb.
Zircon Hf isotopic analyses were performed in-situ by using a
Newwave UP213 laser-ablation microprobe that was attached to a
Neptune multi-collector ICP-MS at the Institute of Mineral Re-
sources, Chinese Academy of Geological Sciences, Beijing. A sta-
tionary spot with a beam diameter of 55 mmwas used with a carrier
gas to transport the ablate sample from the laser-ablation cell to theFigure 3. (a) Representative CL images of zircon samples, (b) zircon UICP-MS torch via a mixing chamber that was mixed with He. The
analytical procedures followed those of Hou et al. (2007). The
zircon sample GJ-1 was used as a reference standard, with a
weighted mean 176Hf/177Hf ratio that is indistinguishable from the
weighted mean 176Hf/177Hf ratio of 0.282013  19 (2s) from the in-
situ analysis by Elhlou et al. (2006).
4. Results
4.1. Zircon ages
The results of the SHRIMP U-Pb analyses of zircons from sample
NM96 of the Wulanhada quartz-monzonite are reported in Table 1.
Fig. 3 shows representative CL images of the zircon samples, zircon
U-Pb concordia diagrams and the weighted mean 206Pb/238U age.
The zircons are mostly clear and transparent, euhedral to sub-
hedral, elongate prisms and pale yellow in color. The grains are
100e250 mm longwith length-to-width ratios between 3:2 and 2:1.
The euhedral zircons show core-rim texture and mostly show clear
oscillatory zoning (Fig. 3a). All the analyzed 18 spots have relatively
high Th and U contents (Table 1) with Th/U values in the range of-Pb concordia diagrams and (c) weighted mean 206Pb/238U age.
Table 2
Whole rock analyses of the major (wt.%) and trace (ppm) elements compositions of
the Wulanhada quartz-monzonite.
Sample NM98 NM99 NM100 NM101-2 NM102-1
SiO2 63.70 60.86 61.83 63.48 60.41
TiO2 0.31 0.41 0.37 0.32 0.42
Al2O3 16.86 16.12 16.58 16.13 16.47
Fe2O3 3.82 5.41 4.85 4.36 5.90
FeO 1.80 2.12 1.93 1.80 2.96
MnO 0.08 0.11 0.11 0.10 0.14
MgO 0.73 1.55 1.26 1.12 1.56
CaO 3.54 3.92 3.40 3.83 5.05
Na2O 5.18 5.18 5.34 5.08 5.04
K2O 4.34 3.90 4.26 3.88 3.37
P2O5 0.22 0.25 0.25 0.25 0.34
D. Huang, Q. Hou / Geoscience Frontiers 8 (2017) 171e181 1750.403e1.808, suggesting magmatic origin (Wu and Zheng, 2004).
Sixteen analyses constitute a coherent group that clusters tightly on
or around the concordia (Fig. 3b) and yielding a weighted mean
206Pb/238U age of 381.5  4.1 Ma, with MSWD ¼ 0.60 (Fig. 3c). We
interpret this as the crystallization age of the Wulanhada quartz-
monzonite. Two other spots (4.2 and 16.1) are slightly older that
exhibit recrystallization features. One grain shows dark rims that
provide two different ages of 377.9  8.5 Ma (4.1) and
414.8  8.3 Ma (4.2). The other grain (16.1) shows sector zoning
(Wu and Zheng, 2004) and provides an age of 401.1 8.1 Ma. These
two ages (414.8  8.3 and 401.1  8.1 Ma) are similar to those re-
ported from the Sandaogou alkaline complex (408e409 Ma, Zhang
et al., 2010b) and Liupugou pluton (401.9  1.1 Ma, Zeng, 2009).LOI 0.56 1.80 1.17 0.80 0.74
Total 99.35 99.52 99.42 99.35 99.44
s 4.38 4.62 4.89 3.92 4.06
A/CNK 0.86 0.81 0.85 0.83 0.78
A/NK 1.28 1.26 1.24 1.28 1.38
AR 2.75 2.66 2.85 2.63 2.28
Mg# 27.5 36.2 34.0 33.7 34.4
D.I. 80.1 75.3 78.4 77.8 70.5
T (C) 723.5 745.5 737.5 724.4 706.9
Cr 22.80 34.00 29.10 27.80 31.20
Ni 2.31 4.62 4.51 7.52 3.48
Co 6.04 10.79 10.53 8.97 11.45
Rb 82 78 110 68 64
Sr 1391 1087 1186 1352 1525
Ba 1467 1104 1175 1307 1392
Th 1.50 1.78 3.48 1.20 1.31
U 0.25 0.30 0.32 0.33 0.39
Nb 7.70 11.80 10.20 8.20 8.00
Ta 0.24 0.32 0.31 0.26 0.25
Zr 120 185 153 129 124
Hf 3.35 7.32 5.72 4.23 3.81
Pb 13.56 14.87 13.17 14.33 12.45
La 24.08 18.33 29.22 30.11 29.70
Ce 46.11 45.67 65.18 60.13 57.50
Pr 5.72 5.92 7.39 7.79 7.31
Nd 21.51 24.13 28.26 30.24 28.08
Sm 3.58 4.57 4.93 5.18 4.80
Eu 1.12 1.19 1.32 1.45 1.49
Gd 3.07 3.78 4.26 4.35 4.13
Tb 0.41 0.55 0.58 0.60 0.55
Dy 1.96 2.80 2.79 2.92 2.58
Ho 0.38 0.55 0.54 0.56 0.49
Er 1.09 1.58 1.54 1.61 1.39
Tm 0.16 0.23 0.23 0.24 0.19
Yb 1.03 1.51 1.44 1.54 1.23
Lu 0.15 0.21 0.20 0.22 0.18
Y 10.39 15.41 14.83 15.39 13.43
SREE 110.4 111.0 147.9 146.9 139.6
(La/Yb)N 16.8 8.7 14.6 14.0 17.3
dEu 1.01 0.85 0.86 0.91 1.00
Nb/Ta 32.1 36.9 32.9 31.5 32.0
Zr/Hf 35.8 25.3 26.7 30.5 32.5
Th/U 6.0 5.9 10.9 3.6 3.4
Sr/Y 133.9 70.5 80.0 87.8 113.6
Note: s ¼ (Na2O þ K2O)2/(SiO2  43); A/CNK ¼ molar ratio of Al2O3/4.2. Major and trace elements
The geochemical data are presented in Table 2.
The samples from the Wulanhada quartz-monzonite fall within
the ﬁeld of quartz-monzonite (Fig. 4a). Some features, including the
presence of diopside and hypersthene and D.I. ¼ 70.54e80.11,
indicate fractional crystallization. The analyzed samples are sye-
nodiorite in composition (Fig. 4b) and metaluminous (A/
CNK ¼ 0.78e0.86; Fig. 4c) with a high-K calc-alkaline afﬁnity
(Fig. 5a). The rocks show intermediate SiO2 (60.41e63.70 wt.%) and
high Al2O3 (16.12e16.86 wt.%), Na2O (5.04e5.34 wt.%) and K2O
(3.37e4.34 wt.%) contents, with total alkalis that range from 8.41 to
9.60 wt.%. These rocks display intermediate CaO (3.40e5.05 wt.%),
Fe2O3T (3.82e5.90 wt.%) and MgO (0.73e1.56 wt.%) contents and
low TiO2 (average 0.37 wt.%), MnO (average 0.11 wt.%) and P2O5
(average 0.26 wt.%) contents (Fig. 5). The Mg# varies from 27.46 to
36.21.
The trace elements of the Wulanhada quartz-monzonite show
low Cr, Co, Ni and Sc (22.80e34.00 ppm, 6.04e11.45 ppm,
2.31e7.52 ppm, 5.18e9.03 ppm, respectively); which are close to
the average abundances of the elements in the upper crust (Han
and Ma, 2003). In the primitive mantle-normalized trace ele-
ments spider diagram, the Wulanhada quartz-monzonite samples
show similar patterns (Fig. 6a) with strong positive Rb
(64e110 ppm), Ba (1104e1467 ppm), K, Pb, and Sr
(1087e1525 ppm) anomalies and negative Nb (7.70e11.80 ppm), Ta
(0.24e0.32 ppm), and Ti anomalies. They exhibit weak positive Zr
and Hf anomalies and weak negative Th and U anomalies. The total
REE contents range from 110.4 to 147.9 ppm. The chondrite-
normalized REE patterns (Fig. 6b) are characterized by LREE
enrichment with respect to HREE, with a mean (La/Yb)N ¼ 14.28
and weak Eu anomalies (dEu ¼ 0.85e1.01).
The Wulanhada quartz-monzonite shares similar characters
with the Sandaogou alkaline complex and Shuiquangou alkaline
complex (Figs. 5 and 6), indicating a similar magmatic origin (Jiang,
2005; Zhang et al., 2010b; Jiang et al., 2013).(Na2O þ K2O þ CaO); A/NK ¼ molar ratio of Al2O3/(Na2O þ K2O);
AR ¼ [Al2O3þ CaOþ (Na2O þ K2O)]/[Al2O3þ CaO  (Na2O þ K2O)]; Mg#¼(Mg2þ)/
(Mg2þ þ TFe2þ); D.I. ¼ Q þ Or þ Ab þ Ne þ Lc þ Kp (CIPW); LnDZrZricon/melt ¼
[-3.80  0.85*(M  1)]þ 12,900/T (from Watson and Harrison, 1983);
dEu¼ (2  EuN)/(SmN þ GdN).4.3. Sr-Nd-Pb-Hf isotopic compositions
The whole rock Sr-Nd-Pb isotopic data are provided in Table 3.
The initial isotopic ratios are calculated based on the UePb zircon
age of 381.5 Ma. The samples have Rb/Sr ratios of 0.05e0.07. The
values of (87Sr/86Sr)t show restricted variation (0.70762e0.70809)
and all are higher than that of primitive mantle
((87Sr/86Sr)t ¼ 0.7045; Han and Ma, 2003). The samples also exhibit
negative 3Nd(t) of 12.76 to 12.15, model ages (TDM1) of
1.84e2.08 Ga, and two-stage model ages (TDM2) of 2.12e2.17 Ga.
The samples have intermediate Pb contents, with (206Pb/204Pb)t
ranging from 17.373 to 17.597, (207Pb/204Pb)t ranging from 15.537 to
15.579 and (208Pb/204Pb)t ranging from 38.092 to 38.494.The zircon Lu-Hf isotopic compositions and related calculations
are shown in Table 4. The 3Hf(t) and TCDM are calculated based on
381.5 Ma. The 176Lu/177Hf ratios of 18 spots range from 0.000439 to
0.001328, demonstrating the low accumulation of radiogenic Hf
after the formation of the zircon. Thus, the 176Hf/177Hf ratios can
represent the Hf composition because the zircon crystallized (Wu
et al., 2007a). The quartz-monzonite shows (176Hf/177Hf)t ratios
between 0.281873 and 0.282049 and negative 3Hf(t) values
Figure 4. Rock classiﬁcation diagrams of the Wulanhada quartz-monzonite. (a) QAP
diagram (Le Maitre et al., 1989); (b) diagram of TAS (Wilson, 1989); (c) plots of A/CNK
vs. A/NK.
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from 0.99 to 0.96 and 3Hf(t)< 0, the crustal model ages (TCDM)
can better reveal the time when the source material left from
depleted mantle. The crustal model ages (TCDM) range from 2.45 to
2.85 Ga and are close to the two-stage model ages (TDM2) of Nd.5. Discussion
5.1. Temperature of the magmatic rocks
Most granitic magmas are emplaced adiabatically, so the crys-
tallization temperature during the early stage can be approximately
equal to the formation temperature (Wu et al., 2007b). Zircon is a
common accessory mineral in crustal rocks and Watson and
Harrison (1983) showed experimentally that the partition coefﬁ-
cient DZrzircon/melt is a function of the parameterM¼ (Naþ Kþ2Ca)/
(Si  Al) and temperature (Watson and Harrison, 1983). If the
composition of a metaluminous rock represents melt saturated in
Zr, then the crystallization temperature can be calculated from the
measured major element composition and Zr content (King et al.,
1997). In Table 2, we present the calculated zircon saturation
temperatures for the Wulanhada quartz-monzonite, which ranges
from 706.9 to 745.5 C. Partial melting experiment of metabasalt
does not show residual zircon over 800 C (Xiong et al., 2011a).
Thus, the zircon saturation temperatures may be lower than the
real temperatures for unsaturated Zr.
5.2. Petrogenesis
Isotopic ratios are potentially useful indicators to trace the
magmatic source regions. The Wulanhada quartz-monzonite has
high initial 87Sr/86Sr (0.70762e0.70809) and low 3Nd(t) (12.76
to12.15), which indicate lower crustal source(Fig. 7a). In addition,
the extremely negative 3Hf(t) values from 23.5 to 17.03, and old
crustal model ages of 2.45e2.85 Ga (Table 4) conﬁrm a crustal
derivation. Similar ages have been reported from the basement
rocks of the NCC (Zhai and Peng, 2007; Zhai and Santosh, 2011;
Yang et al., 2016). The quartz-monzonite shows low Mg# values
(27.46e36.21), and low compatible element (Cr, Co, Ni, etc.) con-
tents, and no clear correlationwith the SiO2 content. These features
suggest that mantle materials had little inﬂuence on the magma
genesis.
Several partial melting experiments have been conducted on
intermediate and acidic metamorphic rocks, such as natural tona-
litic gneiss, biotite schist, metagreywacke and metapelite (Vielzeuf
and Montel, 1994; Patino Douce and Beard, 1995; Singh and
Johannes, 1996a, b; Montel and Vielzeuf, 1997; Watkins et al.,
2007), but the results do not tally with the composition of the
Wulanhada rocks, because the melt produced in most of these
experiments had SiO2 contents above 70 wt.%. However, according
to Xiong et al. (2011a), the initial components formed by melting of
high-K/intermediate-K basaltic amphibolite and basalt/granulite in
presence of H2O, can produce melts with intermediate SiO2 content
and relatively high K2O content, which is consistent with our data.
Previous studies on the exposed lower crust section of the NCC
(BGMRIM, 1991; Yin et al., 2015) and from granulite xenoliths
(Zheng et al., 2004a) reveal suggest that the basement of NCC is
composed of granulites and amphibolites and that the upper
portion is felsic granulite. Furthermore, the incompatible element
ratios do not undergo anymajor change duringmantle-scale partial
melting processes or low-pressure fractional crystallization (Shi
et al., 1998). The Nb/La ratios in our rocks range from 0.27 to 0.64
and are very close to the area of granulite and Precambrian basic
volcanic rocks from the maﬁc lower crust in the NCC (Fig. 7b). Thus,
we suggest that the basic lower crustal rocks in the NCC, charac-
terized by high-K/intermediate-K (Liu et al., 2005), are source for
the Wulanhada magma. As Nb and Ta are both high ﬁeld strength
elements (HFSE) and share similar geochemical characteristics, we
consider the Nb/Ta ratio to be constant during magmatism
(including partial melting and fractional crystallization) (Zhao et al.,
2008). The Wulanhada rocks have high values of Nb/Ta ranging
Figure 5. Plots of (a) K2O, (b) Na2O, (c) Al2O3, (d) CaO, (e) Fe2O3T, (f) MgO, (g) TiO2, (h) P2O5 vs SiO2 for the Wulanhada quartz-monzonite. The oxide compositions of the Wulanhada
rocks have been recalculated to 100 wt.% on an anhydrous basis. Data sources: Shuiquangou syenitic complex from Jiang (2005); Sandaogou alkaline complex from Zhang et al.
(2010b).
D. Huang, Q. Hou / Geoscience Frontiers 8 (2017) 171e181 177from 31.54 to 36.88, which are much higher than initial mantle and
the average value of the crust (McDonough and Sun, 1995). The
other Devonian rocks in the area share similar features, such as the
Sandaogou alkaline complex, which has Nb/Ta ratios between 12.38
and 25.07 (Zhang et al., 2010b), and the Shuiquangou syenitic
complex, which has an Nb/Ta ratio up to 39 (Jiang, 2005). These
high values of Nb/Ta are consistent with the observation of Liu et al.
(2005), that the Neoarcheanmaﬁc volcanic rocks have higher Nb/Ta
ratios as compared to their Paleoproterozoic equivalents. Also, Zhao
et al. (2008) suggested that the Neoarchean basic volcanic rocks in
the NCC might have formed from a geochemical repository with
high Nb/Ta ratios. Hoffmann et al. (2011) suggested that the partial
melting of lower crust (Archean TTG) in granulite facies can pro-
duce magma with high Nb/Ta ratios, which is consistent with our
data.
Clinopyroxene and hornblende are two important minerals that
control the fractionation of REEs. Compared with garnet, clino-
pyroxene and hornblende are enriched in MREEs than HREEs(Brenan et al., 1995; LaTourrette et al., 1995; Hill et al., 2000). Thus,
garnet hasmore inﬂuence on the depletion of HREEs. Huang and He
(2010) proposed that Gd/Yb (or (Gd/Yb)N) ratios can be a better
indicator of residual garnet and that the deep melting of thick,
intermediately basic lower crust with abundant residual garnet can
produce high (Gd/Yb)N (>5.8). However, our data show low (Gd/
Yb)N (1.85e2.10) against abundant residual garnet. Thus, residual
clinopyroxene þ hornblende should be present in the lower crust.
These features suggest that granulites and amphibolites are the
main rocks in the lower crust of the NCC. The Nb/Ta ratios in our
rocks are much higher than those of Neoarchean basic volcanic
rocks (18.8  1.2) (Liu et al., 2005; Liu and Gao, 2007). These high
Nb/Ta ratios are not only inherited from the source but are also
controlled by theminerals. Rutile has a limited ability to control the
fractionation of Nb and Ta, although it is the main mineral that
contains Nb-Ta (Tiepolo et al., 2001, 2007). Liang et al. (2012) sug-
gested that hornblende plays an important role in controlling the
fractionation of Nb and Ta based on their studies from themain drill
Figure 6. Primitive mantle-normalized trace elements patterns (a) and chondrite-normalized REE patterns (b) of the Wulanhada quartz-monzonite in Shangdu (the normalized
data are from McDonough and Sun (1995); the gray area in the diagrams is the Sandaogou alkaline complex, whose data are from Zhang et al. (2010b)).
Table 3
Sr-Nd-Pb isotopic compositions of the Wulanhada quartz-monzonite.
Sample Age (Ma) Rb (ppm) Sr (ppm) 87Rb/86Sr 87Sr/86Sr (87Sr/86Sr)t Sm (ppm) Nd (ppm) 147Sm/144Nd 143Nd/144Nd
NM98 381.5 71.3 1288 0.1603 0.708495 0.707624 3.7 22.6 0.0999 0.511774
NM99 381.5 68.9 1054 0.1892 0.709113 0.708085 5.2 27.8 0.1132 0.511776
NM101-2 381.5 60.1 1291 0.1348 0.708413 0.707681 4.8 28.0 0.1035 0.511773
Sample (143Nd/144Nd)t 3Nd(t) TDM (Ma) TDM2 (Ma) 206Pb/204Pb 207Pb/204Pb 208Pb/204Pb (206Pb/204Pb)t (207Pb/204Pb)t (208Pb/204Pb)t
NM98 0.511524 12.1 1841 2118 17.373 15.541 38.231 17.373 15.537 38.095
NM99 0.511493 12.8 2080 2166 17.597 15.583 38.642 17.597 15.579 38.494
NM101-2 0.511514 12.3 1902 2133 17.409 15.555 38.267 17.409 15.550 38.164
Note: (87Sr/86Sr)t¼ (87Sr/86Sr)sample  (87Rb/86Sr)sample  (elt  1), l ¼ 1.42  1011 yr1 (Steiger and Jäger, 1977); (143Nd/144Nd)t¼ (143Nd/144Nd)sample 
(147Sm/144Nd)sample  (elt  1), 3Nd(t) ¼ [(143Nd/144Nd)sample/(143Nd/144Nd)CHUR1]  10,000, fSm/Nd¼ (147Sm/144Nd)sample/(147Sm/144Nd)CHUR  1, TDM1 ¼ 1/l  ln{1þ
[(143Nd/144Nd)sample  0.51315]/[(147Sm/144Nd)sample  0.2135]}, where (147Sm/144Sm)CHUR ¼ 0.1967, (143Nd/144Nd)CHUR ¼ 0.512638, l ¼ 6.54  1012 yr1 (Lugmair and Marti,
1978); TDM2 ¼ TDM1  (TDM1  t)  (fcc  fsample¼ )/(fcc fDM), where fcc¼ 0.4, fDM ¼ 0.08592.
Table 4
Zircon Lu-Hf isotopic compositions of the Wulanhada quartz-monzonite.
Spot Age (Ma) 176Hf/177Hf 176Lu/177Hf 176Yb/177Hf (176Hf/177Hf)t 3Hf(0) 3Hf(t) TCDM (Ma)
NM96-1-1 381.5 0.282053 0.000619 0.025911 0.282049 25.4 17.2 2457
NM96-2-1 381.5 0.281954 0.000439 0.018190 0.281951 28.9 20.6 2673
NM96-3-1 381.5 0.281968 0.000819 0.033351 0.281963 28.4 20.2 2647
NM96-4-1 381.5 0.281936 0.000920 0.027583 0.281929 29.6 21.4 2722
NM96-4-2 381.5 0.281943 0.000724 0.026219 0.281938 29.3 21.1 2701
NM96-5-1 381.5 0.281983 0.000508 0.021645 0.281979 27.9 19.7 2611
NM96-6-1 381.5 0.281930 0.000616 0.026502 0.281926 29.8 21.5 2729
NM96-7-1 381.5 0.281974 0.000564 0.023837 0.281970 28.2 20.0 2632
NM96-8-1 381.5 0.282016 0.000662 0.025374 0.282011 26.7 18.5 2541
NM96-9-1 381.5 0.281976 0.000540 0.022655 0.281972 28.2 19.9 2627
NM96-10-1 381.5 0.281919 0.000654 0.025309 0.281915 30.1 21.9 2753
NM96-11-1 381.5 0.281968 0.001120 0.046379 0.281960 28.4 20.3 2652
NM96-12-1 381.5 0.281935 0.000484 0.018990 0.281931 29.6 21.4 2717
NM96-13-1 381.5 0.281938 0.000883 0.034773 0.281931 29.5 21.4 2717
NM96-14-1 381.5 0.281928 0.000749 0.030027 0.281923 29.8 21.7 2735
NM96-15-1 381.5 0.281950 0.001059 0.046017 0.281942 29.1 21.0 2692
NM96-16-1 381.5 0.281952 0.000814 0.034508 0.281946 29.0 20.8 2684
NM96-17-1 381.5 0.281883 0.001328 0.047877 0.281873 31.4 23.4 2844
Note: (176Hf/177Hf)t¼ (176Hf/177Hf)sample  (176Lu/177Hf)sample  (elt  1), 3Hf(0) ¼ [(176Hf/177Hf)sample/(176Hf/177Hf)CHUR,0  1]  10,000, fLu/Hf¼ (176Lu/177Hf)sample/
(176Lu/177Hf)CHUR  1, 3Hf(t) ¼ {[(176Hf/177Hf)sample  (176Lu/177Hf)sample  (elt  1)]/[(176Hf/177Hf)CHUR,0  (176Lu/177Hf)CHUR  (elt  1)]  1}  10,000, TDM1 ¼ 1/l  ln{1þ
[(176Hf/177Hf)sample  0.28325]/[(176Lu/177Hf)sample  0.0384]}; TCDM ¼ TDM1  (TDM1  t)  (0.55fsample)/{0.55  [(176Lu/177Hf)DM/(176Lu/177Hf)CHUR  1]}, where
(176Hf/177Hf)CHUR,0 ¼ 0.282772, (176Lu/177Hf)CHUR ¼ 0.0332 (Blichert-Toft and Albarède, 1997); (176Hf/177Hf)DM ¼ 0.28325, (176Lu/177Hf)DM ¼ 0.384 (Grifﬁn et al., 2000),
l ¼ 1.867  1011 yr1 (Söderlund et al., 2004).
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They also propose that the fractionation of Nb and Ta occurs during
dehydration-melting before the rutile facies. Many other melting
experiments also support this observation (Tiepolo et al., 2001,
2007; Xiong et al., 2011b). In addition, Xiong et al. (2011a) noted
that amphibolite granulite is the main residual facies that forms bythe partial melting of basic volcanic rocks at low pressure and ca.
750e950 C, which matches with the zircon saturation tempera-
tures above.
It is concluded that the Wulanhada quartz-monzonite magma,
with residual clinopyroxene þ hornblende, might have formed by
the partial melting of the basic rocks in the lower crust of the NCC.
Figure 7. Plots of (87Sr/86Sr)t vs. 3Nd(t) (a) and plots of La/Yb vs. Nb/La (b). (a) Data sources: Shuiquangou syenitic complex (Jiang, 2005); Sandaogou alkaline complex (Zhang et al.,
2010b); Gushan diorite pluton (Zhang et al., 2007); Maﬁc-ultramaﬁc complexes (Zhang et al., 2009); the gray areas of depleted mantle, maﬁc lower crust in the NCC are from Jiang
et al. (2013). (b) The gray areas of granulite samples and Precambrian basic volcanic rocks from the maﬁc lower crust in the NCC are from Xiong et al. (2011a, 2011b).
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The NCC was constructed through the amalgamation of several
micro-continents during late Archean (Zhai and Santosh, 2011;
Zhai, 2014; Yang et al., 2016). The craton experienced a complex
history of magmatism, metamorphism and tectonics since the
formation of the initial nucleus during the late Archean and Pale-
oproterozoic (Deng et al., 2000; Zhai and Peng, 2007; Zhai, 2010).
Archean rocks are distributed in several parts of the NCC, including
amphibolites of 3.5e2.7 Ga in eastern Hebei Province (Jahn, 1990),
TTG gneiss of 2.7e2.6 Ga (Li et al., 1987) and amphibolite of 2.7 Ga
in western Shangdong Province (Jahn et al., 1987). All these rocks
were intruded by syn-tectonic granites atw2.5 Ga and underwent
metamorphic recrystallization under greenschist to granulite facies
conditions (Zheng et al., 2004a). Studies by Zheng et al. (2004b) on
the maﬁc xenolith in Fuxian Paleozoic kimberlites reveal that the
late Archean (2.6e2.5 Ga) is an important period of continental
crustal growth in the NCC. The Wulanhada quartz-monzonite
shows extremely negative 3Hf(t) values, and old crustal model
ages of 2.45e2.85 Ga, correlating with the late Archean magmatic
rocks. From Fig. 8, it is clear that the Wulanhada rocks occur alongFigure 8. Plots of 3Hf(t) vs. age of zircons. Data source: Sandaogou alkaline complex
(Zhang et al., 2010b), banded granulite xenolith (Zheng et al., 2004a).the same trend line with the banded granulite xenolith from
Hannuoba, which record the features of the lower crust in the late
Archean (Zheng et al., 2004a). This feature supports the observation
that the Wulanhada magma was formed by melting of the lower
crust of the NCC.
The northern margin of the NCC is considered to have been a
passive continentalmarginduringMesoproterozoiceNeoproterozoic
to Cambrian. However, controversies exist on whether it was trans-
formed to an active continental margin during the early Paleozoic
(Xiao et al., 2003; Zhang et al., 2014). According to our geochrono-
logicalwork on theWulanhada quartz-monzonite togetherwithdata
from the othermagmatic rocks along the northernmargin of theNCC
the magmatic suites are younger than 410 Ma, and also in sharp
contrast with the active magmatism in the Central Asian Orogenic
Belt around 410e470 Ma (Luo et al., 2001; Jiang, 2005; Zhang et al.,
2010b, 2014). The sedimentation in CambrianeOrdovician epiconti-
nental sea and some fossil records suggest that the northern margin
of the NCC could have been stable during the early Paleozoic
(BGMRIM, 1991; Zhang et al., 2014).
The Bainaimiao arc belt occurs to the north of the NCC which is,
separated by the EeW-trending Gaojiayao-Ulad Houqi-Huade-
Chifeng Fault (Fig. 1b). Zhang et al. (2014) carried out detailed work
on the evolution of the Bainaimiao arc belt and presented zircon
UePb ages of the metasedimentary and metavolcanic rocks of the
Bainaimiao Group. The results show early Paleozoic ages for the
Bainaimiao arc belt. The arc belt formed through northward sub-
duction of the Central Asian oceanic plate under the northern
margin of the NCC, and the subduction culminated during late
Silurian (w420 Ma), with three stages of magmatism as follows:
peak arc magmatism at 444 Ma (Tao et al., 2005), adakitic mag-
matism during 448e438 Ma (Jian et al., 2008), and tonalitic mag-
matism during 419e415 Ma (Shang et al., 2003). Because of
successive northward subduction, the Bainaimiao oceanwas closed
ﬁnally leading to accretion of the Bainaimiao arc to the NCC during
early Silurian (Liu et al., 2003; Jian et al., 2008; Li et al., 2009; Zhang
and Zhai, 2010; Zhang et al., 2010b; Zhang et al., 2014). The Bai-
naimiao arc belt is mainly composed of low-grade (greenschist
facieselow amphibolite facies) metasedimentary and volcanic
rocks and early Paleozoic intrusive rocks, representing arc-
continent collision. Following this, the latest Silurian-earliest
Devonian continental molasses or quasi-molasses of the Xibiehe
D. Huang, Q. Hou / Geoscience Frontiers 8 (2017) 171e181180Formation were deposited above an unconformable interface over
OrdovicianeSilurian arc volcanic sedimentary rock series in the
middle of Inner Mongolia (BGMRIM, 1991). Subsequently, the early
middle Devonian alkaline rocks were emplaced in the northern
NCC and southern Central Asian Orogenic Belt (Luo et al., 2001;
Jiang, 2005; Zhang et al., 2010b, 2014).
Based on the above inferences, we suggest that the Wulanhada
quartz-monzonite formed in a post-collisional extension environ-
ment. A period of arcecontinent or continentecontinent collision
may not be the best timing for mantle upwelling. Post-collisional
extension is usually attributed to tectonic scenarios that involve
the convective thinning of the lithosphere, slab detachment or
breakoff, delamination and gravitational collapse (Zhang et al.,
2010b). Therefore, magmatism can occur through strong crust-
mantle activities. The Devonian magmatic rocks along the north-
ern margin of the NCC include alkaline complexes and alkali
granites, withminor A-type granite andmaﬁc-ultramaﬁc rocks. The
Devonian alkaline complexes have similar features, including
slightly high initial 87Sr/86Sr ratios, extremely negative 3Nd(t) and
3Hf(t), weak to no Eu anomalies. Their lithological association,
mineral assemblage, and geochemical compositions indicate that
they are post-collision plutons (Jiang, 2005; Zhang et al., 2010a, b;
Zhang and Zhai, 2010). Moreover, the Hongshan granite shows A-
type granite afﬁnity, suggesting post-orogenic setting (A2 type
granite; Shi et al., 2010). Additionally, the maﬁc-ultramaﬁc rocks
and mylonite in fault zones record dynamic metamorphism (Zhang
et al., 2009), followed by denudation of the sediments (BGMRIM,
1991).
6. Conclusions
SHRIMP zircon U-Pb dating yielded a precise crystallization age
of 381.5 4.1 Ma for theWulanhada quartz-monzonite in Shangdu,
Inna Mongolia. Petrological, geochemical and isotopic data
demonstrate that the rocks might have formed by the partial
melting of basic rocks in the lower crust of the NCC, with residual
clinopyroxene þ hornblende at zircon saturation temperatures of
706.9e745.5 C. The petrological and geochemical characteristics of
the Wulanhada quartz-monzonite are consistent with the Devo-
nian alkaline rocks that are distributed along the northern margin
of the NCC. These rocks form a linear magmatic belt and indicate
magmatism within post-collisional extensional setting.
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